Nisin is a food preservative produced by Lactococcus lactis subsp. lactis. Previous blood biochemical research revealed that nisin has physiological effects in mammals; although the site of action has yet to be identified, keratinocytes have been proposed as a possible target. In this study, we investigated whether nisin affects keratinocytes by examining the effects on eukaryotic intermediate filaments in HaCaT human keratinocytes. Treatment with 93 μg/ml nisin for 24 h decreased the localization of the intermediate filament proteins cytokeratin (CK)5 and CK17 at the cell periphery, which were distributed in a limited area in a ring-or net-like shape. However, this was not observed upon treatment for 6 h. The results of a serial dilution assay revealed that the effect on CK17 localization depends on the nisin concentration and were observed at ≥47 μg/ ml. Moreover, this effect was partially blocked by treatment with the calcium channel blocker bepridil. Thus, despite the long history of nisin as being safe for humans, it has measurable effects on the keratinocyte cytoskeleton. Our findings also indicate that CK5 and CK17 can serve as markers for evaluating the effects of nisin on keratinocytes.
Introduction
Bacteriocins are antimicrobial peptides produced by various bacteria. Nisin is a type of bacteriocin produced by some strains of Lactococcus lactis subsp. lactis. Although many bacteriocins are only effective against specific bacteria groups, nisin has broad-spectrum effects (Brotz and Sahl 2000; Bonev et al. 2000) . Due to its heat stability and tolerance of low pH, nisin is widely used as a food preservative (Delves-Broughton et al. 1996; Cleveland et al. 2001 ; CFSAN/Office of Food Additive Safety 2016). Nisin is a polycyclic antibacterial peptide comprising 34 amino acid residues, with an overall positive charge and amphipathic properties; it disrupts the integrity of the cell membrane by forming short-lived pores (Moll et al. 1997; Brotz et al. 1998) , leading to rapid efflux of cellular materials (e.g., amino acids and adenosine triphosphate) from bacteria and thereby disrupting the cell (Gao et al. 1999 ). The US Food and Drug Administration reported that nisin is "generally recognized as safe" for use as a preservative in human foods (Federal Register: 53 FR 11247, April 6, 1988) ; there were no obvious effects observed for concentrations <83.25 mg/ kg in humans and <66.7 mg/kg in mouse. One gram of food in the USA and other countries contains about 250 μg nisin (Cleveland et al. 2001) ; 0.1-300 μg/ml nisin is contained in mouthwashes (Bartlett et al. 1998) , whereas 300-400 μg/ml has a contraceptive effect in humans ).
Nisin has not been found to affect normal epithelial tissue Joo et al. 2012; Maher and McClean 2006) ; however, a blood biochemical study revealed a dosedependent decrease in total cholesterol and phospholipid levels in rats treated with nisin, although the physiological basis for this effect is unclear (Food Safety Commission Japan, 00108, January 31, 2008) . More recently, nisin was found to induce apoptosis in cancer-derived cells, although its effects on normal epithelia have still not been found (Joo et al. 2012) .
Keratinocytes are the main cells of the stratified squamous epithelium that lines the surface of the oral cavity and esophagus (Ross and Pawlina 2015) . Keratinocytes are exposed to nisin present in ingested foods before its digestion by proteases. Intermediate filaments are a major cytoskeletal component that form a cytoplasmic network encircling the nucleus and extending to the plasma membrane (Ross and Pawlina 2015) . We speculated that nisin acts on keratinocytes prior to its digestion by proteases.
To test this hypothesis, we evaluated the effects of nisin on keratinocytes by examining the changes in the distribution of eukaryotic intermediate filament proteins, namely CK5 and CK17, in HaCaT cells, which is a widely used immortal human keratinocyte cell line that has uniform epithelial architecture when transplanted into nude mice (Boukamp et al. 1988) . Therefore, HaCaT cells are considered as a good model for the stratified squamous epithelium, which is mostly composed of keratinocytes (Wu et al. 2012) . Eukaryote-and prokaryotetype intermediate filaments differ in terms of their protein components (Ausmees et al. 2003; Esue et al. 2010) ; the former include cytokeratin CK5 and CK17, which are expressed in cultured HaCaT cells (Kitagawa et al. 2014) . Changes in CK distribution are correlated with cell growth and epithelialization, cell migration, and cytoarchitecture (Paladini et al. 1996; Foisner 1997 ). Due to their ubiquitous distribution in the cytoplasm, intermediate filament proteins can be used for detection of previously undetected alterations brought about by nisin.
Materials and methods

Materials
Food-grade nisin was obtained from Sigma-Aldrich (St. Louis, MO, USA). Bepridil was purchased from Enzo Life Sciences (Farmingdale, NY, USA). Fetal bovine serum (FBS) was from Biowest (Santiago, Chile). The ten-well glass slides printed with highly water-repellent marks (6 mm in diameter) were from Matsunami Glass Industry (Osaka, Japan; cat. no. TF1006).
Cell culture and treatment
HaCaT cells (Boukamp et al. 1988) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FBS, 2 mM glutamine, 100 μg/ml streptomycin, and 100 mg/ml penicillin. This growth medium contained approximately 2.2 mM calcium. Cells were seeded at a subconfluent density (1.2 × 10 5 cells/cm 2 ) in ten-well glass slides; the medium was changed the following day, and the cells were cultured for 2 days. After culturing for 2 days, cells were treated for 24 h with 23, 47, 93, or 186 μg/ ml nisin in growth medium. Nisin was diluted in 0.05 % acetic acid before addition to the medium. As control, cells were grown for 24 h in medium containing 0.0015 % acetic acid or 0.0015 % acetic acid plus 0.01 % dimethylsulfoxide (DMSO). The calcium channel blocker bepridil was dissolved in DMSO to 50 mM to form a stock solution (Wang et al. 1999; Zhang et al. 2014) . After 2 days of culture, cells were treated for 24 h with either 5 μM bepridil and 93 μg/ml nisin (nisinbepridil) or 5 μM bepridil alone (bepridil) in growth medium to evaluate the effects of both agents.
Recovery assay
To assess the reversibility of the effects of nisin, cells were treated with growth medium containing 93 μg/ml nisin for 24 h, washed once with DMEM, and further incubated in growth medium without (recovery) or with 93 μg/ml nisin (2-day nisin treatment) for 24 h.
Immunofluorescence microscopy
Cells were fixed with 1 % paraformaldehyde in phosphatebuffered saline (PBS) for 10 min, rinsed with PBS, and permeabilized in 0.2 % Triton-X 100 in PBS for 15 min. The cells were then rinsed with PBS and incubated in PBS containing 1 % bovine serum albumin (BSA-PBS) for 15 min to block nonspecific binding. They were then incubated with primary antibodies at room temperature for 1 h.
After washing four times with PBS, the cells were incubated with appropriate secondary antibodies diluted 1:400 in BSA-PBS for 30 min at room temperature in the dark. The cells were then rinsed four times with PBS and mounted in VECTASHIELD containing the nuclear counterstain 4ʹ,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA). Images were obtained using an LSM710 confocal laser scanning microscope (Zeiss, Oberkochen, Germany) with a 20×/0.75 NA objective or 63×/1.4 NA or 100×/1.4 NA oil objectives. Z-stacks were obtained at constant Z interval. Images and montages were generated using Zeiss Zen software and Adobe Photoshop (Adobe Systems, San Jose, CA, USA). The antibodies used were as follows: Rabbit polyclonal anti-CK5 (cat. no. SAB4501651, 1:100) and anti-CK17 (cat. no. SAB4501662, 1:100) antibodies were obtained from Sigma-Aldrich; Mouse monoclonal anti-desmoglein (DSG)3 antibody (cat. no. GTX76040, 1:100) was from GeneTex (Irvine, CA, USA); mouse monoclonal anti-β-catenin antibody (cat. no. C19220, 1:100) was from BD Transduction Laboratories (Lexington, KY, USA); Anti-mouse and -rabbit IgG conjugated with either Alexa 1 3 488 (cat. nos. A11008 and A11034) or Alexa 568 (cat. nos. A11031 and A11036) (all from Molecular Probes, Eugene, OR, USA) were used as secondary antibodies.
Image analysis
Images (512 × 512 pixels) including those of control cells labeled for CK17 were acquired in four separate experiments using a confocal microscope. Images of nisin-treated cells were obtained using optimized conditions. Three indices, i.e., CK17 localization area in a single image (localization index), CK17 localization area in a Z-stack (localization index), and CK17 ring-like localization in a Z-stack (ring index), were calculated using ImageJ software (http://rsb. info.nih.gov/ij).
Image projections were generated from Z-stacks. Cell numbers were counted using the "Analyze particles" command of ImageJ (Li et al. 2011 ). The analysis was carried out after confirming that there was no difference between the number of cells and number of slices in Z-stacks. Pixels with values 150 ≤ x ≤ 220 were counted as CK17 positive for the CK17 localization area index of a single image, while those with values 150 ≤ x ≤ 254 were counted as CK17 positive for the CK17 localization area index of Z-stacks. The CK17-positive pixel range was defined based on exclusion of pixels where CK17 was not localized. The upper limit of the CK17-positive pixel range was defined as not containing non-CK17 labeling, including intrinsic fluorescence from dead cells. Pixels with values ≤ 20 were counted as CK17 negative in both single images and Z-stacks. The pixel range was determined so as to exclude those containing CK17. Both localization indices are expressed as the value obtained by dividing the number of CK17-positive pixels by the number of CK17-negative pixels in each image.
Ring-like localization was quantified using the "Cell counter" command in ImageJ. We defined ring-like localization as strong, ring-shaped labeling; weak immunoreactivity, such as that observed in tricellular contacts, was not counted. We considered only ring-like localization with diameter >2 μm. The ring index was expressed as the total number of instances of ring-like CK17 localization in each image (512 × 512 pixels).
TUNEL assay
Apoptotic cells were detected by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay (TUNEL) using an in situ apoptosis detection kit (Takara Bio, Otsu, Japan) according to the manufacturer's protocol, with a few modifications. Briefly, cells were seeded and grown for 24 h in medium containing 93 μg/ml nisin or 0.0015% acetic acid as described above. After washing with PBS, positive control cells were exposed to ultraviolet light for 30 min before fixation in 4% paraformaldehyde in PBS for 30 min. After washing with PBS, the cells were treated with permeabilization solution on ice and were again washed with PBS before incubation with fluorescein-labeled dUTP and TdT enzyme at 37 °C for 60 min in a wet box in the dark.
Viability assay
HaCaT cell viability was determined based on quantification of adenosine triphosphate (ATP) levels using the Cell TiterGlo 2.0 Assay kit (Promega, Madison, WI, USA), which detects the presence of metabolically active cells. Briefly, cells were seeded in a 96-well plate at subconfluent density (1.2 × 10 5 cells/cm 2 ); the medium was changed the next day, and cells were cultured for 2 days. On the third day, 93 μg/ml nisin was added to the cells. After incubation for 24 h, Cell Titer-Glo reagent was added, and luminescence was measured with a Multilabel reader (PerkinElmer, Santa Clara, CA, USA).
Calcium measurements
Changes in intracellular calcium concentration caused by bepridil were measured with the fluorescent dye Fluo-4 AM (Thermo Fisher Scientific) according to the manufacturer's protocol. As a control, cells were grown in medium containing 0.0015% acetic acid plus 0.01% DMSO. HaCaT cells were incubated with Fluo-4 AM for 30 min at 37 °C and then maintained for 30 min at room temperature. Fluorescence emission was measured using a Multilabel reader (PerkinElmer) at Ex 485 nm/Em 535 nm.
Statistical analysis
Values are expressed as mean ± standard error (SE). Differences between groups were evaluated with the unpaired t test with Welch's correction, except for the results of the viability assay, for which the Mann-Whitney U test was used. P < 0.05 was considered significant.
Results
Nisin induces ring-like localization of CK5 and CK17
CK17 immunoreactivity was observed throughout the cytoplasm of untreated control cells (Fig. 1A-a , bright-green cytoplasm in Fig. 1B-a) ; in particular, CK17 immunoreactivity observed at the periphery of cells was similar to or stronger than that observed in the other parts of cytoplasm (Fig. 1A-a) . At the cell periphery, CK17 was distributed in a line perpendicular to the cell surface (Fig. 1A-a, B -a, Supplementary Fig. 1A-a) .
Treatment with 93 μg/ml nisin for 24 h decreased the peripheral distribution of CK17 (Fig. 1A-c, B -b, Supplementary Fig. 1A-b) . The accumulated CK17 protein aligned along cell membrane and nuclear membrane was less apparent or almost undetectable when treated with nisin ( Fig. 1A-c, B-b) . The CK17 line perpendicular to the cell surface was less apparent in cells treated with nisin ( Fig. 1A-c, B-b) . Ring-like distribution patterns of CK17 around tricellular contacts in control cells were increased by 93 μg/ml nisin treatment. Additionally, 93 μg/ml nisin also induced ring-like distribution in areas other than tricellular contacts (thick arrow in Fig. 1A-c , B-b and Supplementary  Fig. 1A-b) , resulting in a net-like distribution in the cytoplasm formed by small, ring-like aggregates (arrowhead in Fig. 1A-c , B-b and Supplementary Fig. 1A-b) ; however, this was not observed in cells treated for 6 h with nisin ( Fig. 1A-b) . Removal of nisin and subsequent cell culture for 24 h in nisin-free medium restored the peripheral distribution of CK17 (Fig. 1A-d) .
Serial dilution experiments revealed that this change in CK17 distribution was dependent on nisin concentration; whereas some CK17 was observed at the cell periphery with 47 μg/ml nisin treatment, 186 μg/ml or 93 μg/ml nisin treatment drastically altered these distribution patterns (Fig. 1A-c, e, f) . Although the CK17 distribution at nisin concentration of 23 μg/ml was almost the same as that of controls, the CK17 ring-like structures showed significant increase in their number in a nisin-dose-dependent manner (Fig. 1A-c, e-g ). We determined the CK17 localization index, which indicates the number of pixels in the CK17-positive areas. Nisin treatment (24 h) decreased the index (P < 0.05; Fig. 1C ) in a concentration-dependent manner. A significant difference was observed for cells treated with nisin concentrations over 47 μg/ml for 24 h.
Z-stack images showed CK17 ring-like distribution patterns observed in the cytoplasm (Supplementary Fig. 1B ). Strong CK17 immunoreactivity extended in various directions in nisin-treated cells ( Supplementary Fig. 1A-b) . The ring index was higher in nisin-treated cells than in control cells (9.27 ± 1.17 versus 0.67 ± 0.17, P < 0.05; Supplementary Fig. 1C ). The CK17 localization index (Z-stack) revealed a decreased number of CK17-positive pixels in nisin-treated cells. The number of pixels corresponding to CK17 distributed in a line at the cell periphery in control cells was greater than that of CK17 localized in a ring or net in nisin-treated cells (0.84 ± 0.19 versus 0.33 ± 0.05; P < 0.05; Supplementary Fig. 1C ).
CK5, another intermediate filament protein, exhibited the similar localization pattern as CK17 in control cells, cells treat with nisin for 6 h, and cells treated with nisin for 24 h (Fig. 2a-c) . Serial dilution experiments revealed that this change in CK5 localization was also dependent on the nisin concentration (Fig. 2c, g-i) .
The nisin-induced decrease in peripheral CK17 localization was partially reversed in the presence of the calcium channel blocker bepridil (Fig. 3a, Supplementary Fig. 1A-c) . In addition, treatment with both nisin and bepridil increased the immunoreactivity of CK17 and changed its distribution form from surrounding the nucleus to the plasma membrane ( Supplementary Fig. 1A-c) ; bepridil alone induced a similar distribution as in control cells (Fig. 3b, Supplementary  Fig. 1A-d) . Bepridil blocked calcium influx in both control and nisin-treated cells ( Supplementary Fig. 2 ). There was no apparent increase in apoptosis after 24 h of treatment with 93 μg/ml nisin relative to untreated control cells (Supplemental Fig. 3A ). However, cell viability was slightly decreased (95.4 ± 1.3 nisin-treated cells versus 100.0 ± 2.0 in control cells, n = 14; P < 0.05, Mann-Whitney U test) ( Supplementary Fig. 3B ).
Nisin acts on a desmosomal protein that anchors intermediate filaments
DSG3 is a desmosomal protein that anchors intermediate filaments to sites of intercellular contact. DSG3 and CK17 were frequently colocalized in control cells (Fig. 4A) , and DSG3 was observed at intercellular contacts (Fig. 4A, B-a) . However, this localization of DSG3 was abolished by nisin treatment (Fig. 4B-b) , which was not reversed by bepridil (Fig. 4B-c) . Bepridil alone increased DSG3 accumulation at intercellular contacts relative to control cells (Fig. 4B-d) .
Nisin affects junctional proteins that do not anchor intermediate filaments
β-Catenin, a major component of adherens junctions, was specifically localized at the periphery of control cells (Fig. 4C) . This was decreased in nisin-treated cells, resulting in diffuse β-catenin localization in the cytoplasm, and this effect was partially blocked by bepridil, although diffuse β-catenin localization was not blocked by bepridil in certain nisin-treated cells. Bepridil treatment alone did not decrease the diffuse β-catenin immunoreactivity in the cytoplasm. 
Discussion
We found that nisin has observable effects in eukaryotic cells. We demonstrated that nisin treatment altered the intermediate filament distribution in keratinocytes. Within cells derived from normal epithelium, CK5 and CK17 in keratinocytes are the only cellular components shown to be altered by nisin treatment, and their distribution changes were observed in this work. Due to their ubiquitous distribution in the cytoplasm, CK5 and CK17 intermediate filaments are useful markers for investigating morphological changes caused by nisin. Since CK5 and CK17 show similar distribution patterns, both can serve as cytological indicators for determination of the effect of nisin under these experimental conditions.
The calcium channel blocker bepridil blocked calcium influx (Supplementary Fig. 2 ). Bepridil also partially blocked the nisin-induced changes (Fig. 3a) . Our results suggest that calcium influx should be focused on when analyzing the effects of nisin in keratinocytes. Studies that have demonstrated the effects of nisin against keratinocytes (including ours as well as a previous study using cancer cells) used DMEM supplemented with 10 % FBS and calcium for cultures (Fin. approximately 2.2 mM calcium); future studies should therefore examine the effects of nisin in various cell lines under these culture conditions (Joo et al. 2012) .
Previous studies using normal vaginal epithelium or cells derived from normal keratinocytes did not report abnormalities (Joo et al. 2012; Aranha et al. 2004) ; however, those authors did not investigate intermediate filament proteins, and the analytical methods were limited to microscopic examination of edematous thickening or simple viability tests. Therefore, their findings do not contradict those reported herein.
Nisin alters the organization of the plasma membrane lipid bilayer (Scherer et al. 2015; Hsu et al. 2004; Wiedemann et al. 2004) . We hypothesized that the impairment of the CK5 and CK17 distribution is related to disruption of the lipid bilayer indirectly. DSG3 is a component of the desmosome that anchors intermediate filaments to the lipid bilayer. In contrast, β-catenin is a component of adherens junctions that does not anchor intermediate filaments, but directly binds to lipid bilayer. The observed changes in the localization of both proteins might indicate nisin-induced lipid bilayer disorganization, a recently reported phenomenon (Scherer et al. 2015; Hsu et al. 2004; Wiedemann et al. 2004 ). Our hypothesis is well consistent with this mechanism.
We inferred from Z-stack images that this ring-like distribution is likely to be an intracellular network rather than a structure that extends to several cells (Supplemental Fig. 1B) . It is therefore possible that the ring-like distribution represents changes caused by closed membrane structure, like vacuole. Several diseases are known to cause intracellular vacuoles in keratinocytes, although the mechanism has not been revealed (Lacz et al. 2005; Eskin-Schwartz et al. 2017) . Therefore, it is not surprising that nisin causes vacuoles in keratinocytes. Based on the results of this study, it can be suggested that the presence of vacuoles influences the distributions of CK5 and CK17. However, there is another hypothesis. As some proliferating HaCaT cells were released from the cell monolayer under control conditions, we speculate that disturbance of the cell membrane and intracellular junctions by nisin caused these ring-like distribution patterns in released cells and those in their immediate surroundings. Consistent with this notion, changes in distribution induced by nisin were observed after 24 h, which is similar to the doubling time (Seo et al. 2015) (Fig. 1A-b, c, 2b, c) .
The effects of nisin were no longer observed at 23 μg/ml (Fig. 1A-g ), which is the concentration in about one-tenth of foods and other products containing high concentrations of nisin (250 μg nisin per gram of food) (Cleveland et al. 2001) . Thus, based on our data, nisin diluted in saliva cannot be effective since the concentration is much lower than the effective concentration demonstrated in our work. Nonetheless, it is possible that nisin has significant effects against keratinocytes in patients who have trouble with dilution, such as those with xerostomia. After investigating whether nisin acts on the epithelium under physiological conditions, it will be important to investigate retention and enrichment effects in the oral cavity.
Nisin has recently been recognized and evaluated as a potential anticancer agent, preservative, and active ingredient in mouthwash (Joo et al. 2012; Reddy et al. 2004; Bartlett et al. 1998 ). Given our findings that nisin affects the cytoskeleton of keratinocytes derived from normal epithelium, it is important to evaluate the degree to which these effects can be generalized to epithelial tissue. Additional studies are also needed to clarify the relationship between the effects of nisin observed here and the increased blood cholesterol concentrations in rat reported recently (Food Safety Commission Japan, 00108, January 31, 2008) , which may arise from cell membrane damage.
In summary, the change in the CK5 and CK17 distribution in keratinocytes, under the current culture conditions, is the only observable alteration shown to be caused by nisin treatment. Therefore, CK5 and CK17 are important cytological indicators in the investigation of morphological changes caused by nisin. We showed decreased peripheral distribution and increased ring-like distribution of CK5 and CK17 when treated with nisin. These effects correlated with the concentration and duration of nisin treatment. Based on our results, lipid bilayer disruption and intracellular vacuole formation are hypothesized to be related to the change in distribution of CK5 and CK17.
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